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1 INTRODUCTION 
In road pavement life cycle assessment (LCA), sev-
eral studies have pointed out lack of a standard 
methodology (e.g. Santero et al. 2011; Trupia et al. 
2016). Different models and methodologies are ap-
plied meaning the results of existing studies cannot 
be compared (Trupia et al. 2016). In particular, one 
of the main concerns of engineers in the field is re-
garding the high level of uncertainty in the assump-
tions and parameters included, which have an effect 
on the final results. This is the case for vehicle fuel 
consumption and related greenhouse gas (GHG) 
emissions during the road pavement use phase. In 
pavement LCA it is important to estimate the impact 
on road vehicle fuel consumption of the condition of 
the road. Several studies have claimed that the im-
pact of the conditions of the road pavement on vehi-
cle fuel consumption can be significant (e.g. 
Sandberg et al. 2011; Karlsson et al. 2011; Haider & 
Conter 2012; Chatti & Zaabar 2012). Road mainte-
nance strategies could, therefore, be designed to re-
duce fuel costs and GHG emissions from the road 
transport industry. 
Assessing and improving the reliability of exist-
ing models to estimate the relationship between 
pavement condition and fuel consumption is critical. 
Several models are available and used by road 
managers for estimating the fuel consumption and 
environmental effects of road vehicles. In Europe, 
the most commonly used tool for this purpose is the 
Highway Development and Management (HDM-4) 
model, developed by PIARC (the World Road Asso-
ciation) (Kerali et al. 2006). In addition, a model was 
recently developed within an ERA-NET ROAD ac-
tion, funded by the 6th framework programme of the 
EU, known as MIRAVEC (Modelling Infrastructure 
influence on RoAd Vehicle Energy Consumption) 
(Benbow et al. 2013). 
Although these models are based on a physical 
approach and are easy to understand they are only 
validated or updated infrequently. 
For example, in the United States, calibration of 
HDM-4 has been performed recently showing a good 
level of accuracy (Zaabar & Chatti 2010; Chatti & 
Zaabar 2012; Jiao & Bienvenu 2015).  
However, a recent study (Perrotta et al. 2018) 
showed that, for the case of the United Kingdom, 
although HDM-4 was recently calibrated by Odoki et 
al. (2013), it does not give an  accurate estimate of 
the fuel consumption of modern trucks. MIRAVEC 
has never been calibrated or validated using real da-
ta. 
Modern trucks have standard sensors installed to 
constantly monitor their performance and inform 
fleet managers regarding the maintenance of the ve-
hicles or training of drivers. This is mainly to opti-
mize the operational costs of large truck fleets. 
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However, the same data may be used to validate, cal-
ibrate or update models like HDM-4 (Perrotta et al. 
2018) and MIRAVEC. 
In this study, the HDM-4 model calibrated for the 
UK (Odoki et al. 2013) and the MIRAVEC model 
(Benbow et al. 2013) are adopted to estimate the fuel 
consumption trucks. This is then compared to direct 
measurements from the field. Conclusions include 
considerations on the validation and calibration pro-
cess of models like HDM-4 and MIRAVEC and 
consequences of their use in road asset management. 
The paper also discusses the possibility of using fleet 
managers’ databases to develop new models based 
on data that reflect real driving conditions. 
2 THE MODELS 
HDM-4 and MIRAVEC are two fuel consumption 
models developed with similar aims but with sub-
stantial technical differences. 
2.1 HDM-4 
HDM-4 is used for supporting decisions of road 
agencies at a strategic level and to evaluate the in-
vestments needed in road infrastructure, worldwide. 
It incorporates various tools that help road managers 
in e.g. programming road works, performing eco-
nomic analysis, and to estimate the long term impact 
of the introduction of new policies. 
One of the facilities that HDM-4 implements, is a 
fuel consumption model that is used in road pave-
ment LCA studies to calculate the road user effects 
on the environment. The model is physi-
cal/mechanistic based and thanks to correction fac-
tors it can be adapted for estimating the fuel con-
sumption of different types of vehicles. The model 
used is: 
 
IFC = f(Ptr, Paccs + Peng) (1) 
 
where, IFC is the instantaneous fuel consumption 
(ml/s), Ptr the power required for traction (kW), Paccs 
the power required by accessories in the vehicle 
(kW), and Peng the power required to overcome the 
internal friction in the engine (kW). From the com-
putation of the power required to overcome the re-
sistance that acts against the movement of the vehi-
cle, HDM-4 then computes the fuel consumption by 
applying different correction factors that depend on 
the characteristics of the considered vehicle, size of 
engine, etc. (Bennett & Greenwood 2000). 
However, in order to obtain accurate and reliable 
estimates, HDM-4 needs calibration to local condi-
tions (Bennett & Paterson 2000). This is important 
as in asset management small errors can lead to 
wrong decisions in terms of budget allocation. 
In fact, the HDM-4 model comes from an update 
of the HDM-III and ARFCOM models that have 
been developed by performing tests in India, Brazil 
and the Caribe (Kerali et al. 2006) and these coun-
tries have different infrastructures and climates 
compared to those of some parts of Europe or the 
United States for example. For this reason, the mod-
el needs re-calibration each time it needs to be ap-
plied to new situations In UK the HDM-4 fuel con-
sumption model has been calibrated at the University 
of Birmingham (2011) by Odoki et al. (2013) and 
road managers refer to this study to perform their 
analyses. 
2.2 MIRAVEC 
MIRAVEC was a European project under the ERA-
NET Road action. The main goal of MIRAVEC was 
to build on existing knowledge and models to devel-
op tools able to effectively support the decisions of 
road agencies in the reduction of GHG emissions 
from the road transport industry. 
One of the main outputs of the project is the 
MIRAVEC spreadsheet, an Excel file that incorpo-
rates models for estimating the fuel consumption of 
road vehicles based on a number of parameters 
(Benbow et al. 2013). The fuel consumption model 
implemented in MIRAVEC is based on the VETO 
model developed in MIRIAM (Models for rolling re-
sistance In Road Infrastructure Asset Management 
Systems) another European project that focused on 
estimating the effect of rolling resistance on the fuel 
consumption of road vehicles (Hammarström et al. 
2012). 
The model implemented in MIRAVEC takes the 
form: 
 
F = Froll + Fair + Fint + Fg + Fside (2) 
 
where, F is the total force acting on the vehicle, Froll 
is the fraction of the total force due to rolling re-
sistance, Fair is the part of total force due to the aer-
odynamics, Fint is the portion of the total force due to 
the inertia of the components of the vehicle, Fg is the 
component of the total force due to the road gradi-
ent, and Fside is the fraction of the total force due to 
the side force resistance. 
From the calculation of the forces the model then 
computes the power required by the engine to over-
come F and finally computes the fuel consumption. 
Similarly to HDM-4, MIRAVEC adopts a theoretical 
approach that is to relate the fuel consumption to the 
power spent by the engine of the considered vehicle. 
This represents a complex problem to solve in non-
stationary conditions that requires the solution of 
multiple differential equations that is simplified in 
VETO and MIRAVEC with the introduction of cor-
rection factors (similar to what happens in HDM-4); 
see Carlson et al. (2013) for more details. 
3 DATA 
Anonymized data, from standard sensors (SAE 
International 2016) installed in trucks, have been 
provided by Microlise, a company based in Notting-
hamshire, UK, that specializes in the optimization of 
costs of large vehicle fleets. The data contain, for 
example, the GPS location, the vehicle speed and 
fuel consumption, among many other measurements. 
The data are recorded by default every 1 minute or 1 
mile (approximately 1.6km). For this reason, in or-
der to make sure that the vehicle remains on the 
same road, only data from motorways and from 
trucks driving at a constant speed have been consid-
ered in this study. 
The data include 19,991 records in total from 
three types of trucks; light, medium and heavy trucks 
driving at a constant speed (86 +/- 2.5 km/h) on part 
of the M1 and the M18, two major motorways in 
England. In particular the study considers 14,281 
records from 1,110 heavy trucks, 5,423 records from 
473 medium trucks, and 286 records from 61 light 
trucks. Classification of vehicles is based on the 
HDM-4 manuals (Kerali et al. 2006; Bennett & 
Paterson 2000). 
 
Table 1. Characteristics of the considered fleet of 
trucks. 
Type of truck* 
Avg fuel consumption 
[l/100km] 
Light 16.04 
Medium 24.73 
Heavy 27.64 
*defined in (University of Birmingham 2011) 
4 METHODOLOGY 
Following the guidelines given by Bennett & 
Paterson (2000) and using the parameters published 
in the WSP report from the University of 
Birmingham (2011) and by Odoki et al. (2013), the 
HDM-4 model has been calibrated for the conditions 
of the UK. However, several of the parameters that 
are meant to be specified in HDM-4 for adapting it 
to local conditions are not publicly available. In this 
case, the default value of the parameter has been 
used. This represents a level 1 calibration of the 
HDM-4 model (Bennett & Paterson 2000). 
Because MIRAVEC is more recent than HDM-4 
and due to the fact that MIRAVEC was developed to 
fit the conditions of Europe (Benbow et al. 2013), no 
calibration has been performed in this case. 
Then, fuel consumption estimates have been 
computed using the two models. The calculation has 
been made for a straight and flat road in good condi-
tion, which is representative of a motorway in UK. 
Table 2 reports the characteristics input to HDM-4 
and MIRAVEC for the characterization of the road 
pavement. 
 
Table 2. Summary of the average characteristics of 
the considered road. 
Gradient 
[º] 
Radius of 
curvature 
[rad/km] 
Roughness 
[IRI] 
Macro-
texture 
[MPD] 
Rutting 
[mm] 
0.00 0.50 1.60 1.10 2.50 
 
Finally, the study compares the estimates made by 
HDM-4 and MIRAVEC with the average fuel con-
sumption of the considered fleet of trucks. 
5 RESULTS 
Table 3 and Figure 1 summarise the estimates made 
by HDM-4 and MIRAVEC for each of the consid-
ered types of truck and makes comparison with the 
real measurements from the field.  
 
Table 3. Summary of the results of the study. 
Type of truck 
Real FC 
[l/100km] 
HDM-4 
[l/100km] 
MIRAVEC 
[l/100km] 
Light 16.04 13.35 10.74 
Medium 24.73 33.79 31.69 
Heavy 27.64 69.67 37.00 
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Figure 1. Comparison of fuel consumption estimates made by 
HDM-4 and MIRAVEC with real measurements for three types 
of trucks.  
 
6 CONCLUSIONS 
The study shows that estimates of physical-
mechanistic based models like HDM-4 and 
MIRAVEC that can be used for the estimation of 
fuel consumption and related GHG emissions in 
road asset management and LCA studies of road 
pavements can be far from reality. This should raise 
discussion in the community regarding the approach 
used to develop these models and the calibration 
process. 
In particular, results show that the models tend to 
underestimate the fuel consumption of light trucks 
while they tend to overestimate the fuel consumption 
of medium and heavy trucks. 
By comparing the two models it is possible to say 
that MIRAVEC tends to perform slightly better than 
HDM-4, which may be reasonable since HDM-4 de-
rives from models developed several years ago and 
is a model that can be recalibrated to any condition 
worldwide, while MIRAVEC is more recent and has 
been specifically designed for European conditions. 
The results strongly suggest that this type of mod-
el should not be used without validation. As speci-
fied in the HDM-4 manual (Bennett & Paterson 
2000), continuous re-calibration should be per-
formed in order to minimize uncertainties and im-
prove accuracy. However, this may be expensive in 
terms of experimental setup. For this reason, the au-
thors suggest the data from fleet management sys-
tems could be used in the validation and calibration 
process. 
As an alternative to the classical approach used to 
develop HDM-4 and MIRAVEC, the authors also 
suggest that regression techniques may be used to 
develop new models, based on the data available. In 
fact, recent studies showed the feasibility of this new 
approach of using existing data, from a fleet man-
agement database, combined with information in the 
road asset management system for fuel consumption 
modeling (e.g. Perrotta et al. 2017b; Perrotta et al. 
2017a). This represents an opportunity for road asset 
managers to develop models that give estimates 
closer to reality and reduce uncertainties produced 
by the existing tools in the field of road pavement 
LCA. 
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